Abstract To protect natural coral reefs, it is of utmost importance to understand how the growth of the main reefbuilding organisms-the zooxanthellate scleractinian coralsis controlled. Understanding coral growth is also relevant for coral aquaculture, which is a rapidly developing business. This review paper provides a comprehensive overview of factors that can influence the growth of zooxanthellate scleractinian corals, with particular emphasis on interactions between these factors. Furthermore, the kinetic principles underlying coral growth are discussed. The reviewed information is put into an economic perspective by making an estimation of the costs of coral aquaculture.
Introduction
Being the main builders of coral reefs, zooxanthellate scleractinian corals (i.e., calcifying corals that live in symbiosis with microalgae-the zooxanthellae) are of crucial importance for marine ecology. In addition, coral reefs represent a high economic value as a source of food (Bryant et al. 1998 ) and natural products (Fusetani 2000) , as an attractive resource for tourism (Bryant et al. 1998) and by forming a natural protection of coastlines. It has been estimated that approximately 10% of the world's population is directly or indirectly depending on coral reefs. However, reefs are currently under high pressure, mainly caused by anthropogenic disturbances such as overfishing, pollution, eutrophication, and human-induced climate change (Hughes et al. 2003) . Also the trade in aquarium ornamentals has increased in the last decades and is now also becoming a threat for natural populations of reef organisms including scleractinian corals (Wabnitz et al. 2003; Knittweis et al. 2009 ). This has resulted in an increased effort to develop cost-effective in situ (sea-based) and ex situ (aquarium) coral aquaculture methods. An example of this is the CORALZOO project, in which scientists and public aquaria collaborated to improve techniques for breeding and husbandry of scleractinian corals (Osinga 2008) .
To understand reef development in a changing environment, it is crucial to identify the factors that determine the growth rates of corals and to understand how these factors interact (Langdon and Atkinson 2005) . The same knowledge is needed for efficient breeding of corals ex situ. Furthermore, in this respect, it is important to understand the kinetics of coral growth, which determines how proliferation of biomass develops in time.
This mini-review presents an overview of studies describing effects of environmental factors on coral growth rates. Based on this overview, we will try to explain how coral growth is controlled. Our views will be further supported by new experimental data obtained during the CORALZOO project. Secondly, we will discuss the kinetic principles underlying coral growth. Finally, the information will be put into an economic perspective: the costs of coral culture will be analyzed in the view of the biological information provided.
The Coral Growth Process
Zooxanthellate Scleractinia corals represent a true symbiosis. The coral provides shelter and nutrients to the algae, while the algae translocate a substantial proportion of their photosynthetically acquired organic carbon to the coral host. The translocated photosynthetates are used by the host for respiration and biomass buildup (Muscatine and Cernichiari 1969; Muscatine 1990 ). The coral also acquires organic carbon through feeding on a wide range of particulate and dissolved organic materials (reviewed by Houlbrèque and Ferrier-Pagès 2009) . A third important characteristic of scleractinian corals is that they form massive calcium carbonate skeletons through a process called "calcification" (see review by Gattuso et al. 1999) . To enable calcification, scleractinian corals synthesize an organic matrix around which calcium carbonate is deposited (Allemand et al. 1998) . For a more detailed description of the physiology of zooxanthellate corals, we refer to reviews by Muscatine (1990) , Dubinsky and Jokiel (1994) , Titlyanov and Titlyanova (2002) , and Furla et al. (2005) .
Factors Influencing Coral Growth
Taking into account the three major physiological processes described above (photosynthesis, heterotrophic feeding, and calcification), the following basic requirements (building blocks) for coral growth can be identified: light, carbon dioxide (CO 2 ), and inorganic nutrients (needed for photosynthesis); organic food (needed for organic tissue synthesis and organic matrix synthesis); and calcium and carbonate ions (Ca 2+ and CO 3 2− , needed for skeleton formation). In addition to these basic requirements, water movement (flow) is an important factor facilitating coral metabolism. Flow enhances the exchange of gasses (O 2 , CO 2 ) and dissolved compounds (nutrients, metabolic waste products) between the coral and its environment. Hence, insufficient flow may lead to depletion of resources (thus inducing resource limitation) and/or accumulation of inhibiting substances.
Several other factors have been reported to influence coral growth, either positively or negatively. These factors include temperature and pH (Reynaud et al. 2003; Langdon and Atkinson 2005; Anthony et al. 2008) , iron (FerrierPagès et al. 2001) , zinc , competition and predation (Fabricius 2005 and references therein), polluting substances such as herbicides (Jones 2005) , oil (Haapkylä et al. 2007 ) and sunscreens (Danovaro et al. 2008) , sedimentation (Van Katwijk et al. 1993; Torres 2001; Fabricius 2005) , UV radiation (Jokiel and York 1982; Kuffner 2001; Torres et al. 2007) , and dissolved oxygen (DO). Despite its key role in metabolism, very few scientists have investigated the potential role of DO as a growth-controlling agent for corals, probably due to the technical complexity of working under low DO concentrations. Rinkevich and Loya (1984) found that aeration of the water significantly enhanced dark calcification in Stylophora pistillata. They suggested that under nonaerated conditions, dark calcification in this species was limited by low DO due to the absence of photosynthesis. Hence, flow-dependent mass transfer of oxygen may control dark calcification. Fossil records suggest that reductions in DO concentrations were one of the causes of prehistoric mass extinction events of Scleractinia ( Van de Schootbrugge et al. 2007 ). In addition to being a potentially limiting factor, high DO concentrations inside coral tissue are assumed to have a negative effect on coral metabolism (Lesser 1997; Finelli et al. 2006; Mass et al. 2010) .
In the following subsections, we will more extensively review studies on the primary requirements for coral growth: light, inorganic nutrients, food, dissolved inorganic carbon (DIC, which includes carbon dioxide, bicarbonate and carbonate), calcium, and water flow. We will also discuss the role of genetic variability.
Light
There is no doubt that light plays an important role in the growth of zooxanthellate corals. The coral host is very well adapted to facilitate light capture by its symbiotic algae due to the optimal light reflecting properties of the calcium carbonate skeleton: multiple scattering on coral skeletons enhances light absorption by symbiotic algae (Enriquez et al. 2005) . Photon flux density (PFD also known as irradiance) and growth/calcification are often positively correlated (Goreau 1959; Chalker 1981; Marubini et al. 2001; Reynaud et al. 2004; Schlacher et al. 2007; Schutter et al. 2008) . Although a direct stimulation of calcification by light was suggested by Al-Horani et al. (2003) , it is important to realize that the corals themselves are mainly indirectly influenced by light, whereas the zooxanthellae can be directly light limited. Light-related growth limitation in corals may have three causes: (1) insufficient production of photosynthates (Titlyanov et al. 2001) ; (2) insufficient translocation of photosynthates, for example after enrichment of seawater with inorganic nutrients (Marubini and Davies 1996 , see also section on nutrients below); (3) a decrease of the internal pH due to lower photosynthesis, leading to less favorable conditions for calcification (Schneider and Erez 2006) . In addition, light may become inhibiting at high photon flux densities. After long exposure to high PFD, the increase in maintenance energy required to repair the light-induced damage to the photosystem will exceed the gain in photosynthetic energy, leading to a retarded growth (photoinhibition, Iglesias-Prieto et al. 1992) .
The coral-zooxanthellae holobiont adjusts its photosynthetic potential to the prevailing environmental conditions. Such photoacclimation is achieved either by increasing/ decreasing the number of zooxanthellae per square centimeter of coral surface (probably a host-controlled mechanism: adaptive bleaching- Kinzie et al. 2001; Fautin and Buddemeier 2004) or by adjusting the pigment density (a zooxanthellae-controlled mechanism). Both processes occurred simultaneously within a period of 30 days after transplanting fragments of S. pistillata from high to intermediate PFD and from intermediate to low PFD (Titlyanov et al. 2001 ). In addition, also the pigment composition of the zooxanthellae is variable and adjusted to the available spectrum of light (Dustan 1982) .
The in hospite photosynthetic potential of zooxanthellae in corals is usually determined by measuring a photosynthesis/irradiance (PI) curve (Fig. 1) . PI curves can either be obtained using direct assessment of electron transport rates as a measure for photosynthesis using pulse-amplitude modulated fluorometry (e.g., Ulstrup et al. 2006) or indirectly from oxygen evolution measurements. Oxygenbased PI curves provide characteristic numbers such as the compensation point (i.e., the irradiance at which photosynthetic oxygen production equals respiratory oxygen consumption) and the onset of saturation point I k (the point on the x-axis of the curve where the initial, linear slope of the curve intersects with the horizontal asymptote resembling maximal photosynthesis. This point is also referred to as Talling index- Barnes and Chalker 1990) . Due to photoacclimation, specimens of the same species growing under different light regimes may show different PI curves. For example, Fig. 1 shows two PI curves of Galaxea fascicularis. The two curves represent averages of two groups of four genetically identical colonies that had been raised under a PFD of 300 and 600 μE m −2 s −1 , respectively, in a single 600 l aquarium system under controlled, stable conditions (for details, see Schutter et al. 2011 , the colonies used for the experiment described here experienced a high water flow of 15-25 cm s -1
). Photosynthesis and respiration rates were assessed from oxygen evolution measurements under a range of photon flux densities (methodology according to Schutter et al. 2008 ; corals were incubated in 1,500 cm 3 incubation chambers equipped with a magnetic stirrer, corals were incubated for 30 min under each PFD level). The curves show that corals raised under high light had a lower maximal photosynthesis, a higher Talling Index and a higher compensation point. The example shows that corals raised under low light may exhibit the same rate of net photosynthesis as corals growing under high light. Hence, to assess the PFD at which light becomes limiting, it is better to use a normalized PI curve, based upon measurements done on corals only at their ambient PFD. The saturation point of such a normalized curve represents a species specific saturation point (hereinafter referred to as I k s), below which photoacclimation cannot longer compensate for the reduced influx of photons. I k s may vary as a result of variability in other environmental conditions such as the flow regime around the corals and the availability of inorganic nutrients and food (see next subsections).
Inorganic Nutrients
Both partners of the coral-zooxanthellae holobiont need nitrogen (N) and phosphorous (P) as building blocks for synthesis of proteins and other biomass components. Whereas the zooxanthellae can directly take up N and P in their inorganic forms (dissolved inorganic nitrogen (DIN) and dissolved inorganic phosphorous (DIP)), the coral host acquires its N and P through heterotrophic feeding (see "Food" section) and via translocated organic substances produced by the zooxanthellae. According to Falkowski et al. (1984) , translocated substances can become very low in nitrogen when the zooxanthellae are DIN limited. They introduced the term "junk food" to describe the low-N organic excretion products of N-limited Fig. 1 Photosynthesis-irradiance curves based on oxygen evolution measurements on two groups of four colonies of G. fascicularis that had been raised under 300 (solid line) and 600 (dotted line), respectively. The Talling index I k is indicated for both curves (the intersect of the vertical dotted line with the x-axis) zooxanthellae; these substances only provide the coral host with metabolic energy, and not with nitrogen-rich building blocks needed for biosynthesis. It was suggested that the coral host expels the majority of this "junk food" as mucus.
Following this "junk food hypothesis", it seems logic to assume that addition of DIN can promote coral growth. Many authors have reported that addition of DIN promotes zooxanthellae growth and augments the pigment production of the zooxanthellae, thus stimulating the overall net photosynthesis rates of the holobiont (Hoegh-Gulberg and Smith 1989; Dubinsky et al. 1990; Stambler et al. 1991 Stambler et al. , 1994 Marubini and Davies 1996; Marubini and Thake 1999; Ferrier-Pagès et al. 2000 Grover et al. 2002; Langdon and Atkinson 2005; Tanaka et al. 2007) , although the photosynthesis rate per algal cell can decrease due to self-shading effects (Dubinsky et al. 1990 ). Most of these authors (Stambler et al. 1991; Marubini and Davies 1996; Marubini and Thake 1999; Ferrier-Pagès et al. 2000 Langdon and Atkinson 2005; Tanaka et al. 2007 ) also tested the effects of DIN addition on skeletal growth of the corals, which was inhibited by DIN or (in the case of moderate nitrate enrichment- Tanaka et al. 2007 ) only slightly elevated. Both forms of DIN applied (nitrate and ammonium) imposed a similar effect on corals (Marubini and Davies 1996) . In general, it can be concluded that raising the external DIN concentration above ambient natural concentrations does not promote coral growth. Apparently, coral growth is not limited by DIN under ambient natural DIN concentrations, i.e., less than 2 μM ammonium or nitrate (Grover et al. 2002) . Grover et al. (2002) suggested an external concentration of ammonium as low as 0.6 μM to be sufficient for sustaining zooxanthellae growth.
To explain the observed inhibition of skeletal growth by elevated (DIN), it has been suggested that DIN enrichment disrupts the delicate balance between host metabolism and zooxanthellae metabolism that is needed for optimal functioning of the symbiosis (e.g., Marubini and Davies 1996) . It is important to note here that the studies describing effects of DIN enrichment have all been done under relatively high irradiance levels (200 μE m −2 s −1 and higher), i.e., under conditions where light is not likely to be limiting. DIN addition under low light (i.e., below I k s) is not expected to have any direct effect on either the zooxanthellae or the coral. Some studies on nutrient enrichment (eutrophication) on natural coral reefs (see reviews by Stambler 1996 and Fabricius 2005 ) confirm the experimental observations described above (e.g., Kinsey and Davies 1979; Tomascik and Sander 1985; Tomascik 1990; Koop et al. 2001) . However, other studies showed a positive correlation between eutrophication and coral growth (Meyer and Schultz 1985; Grigg 1995; Bongiorni et al. 2003a, b) . The conflicting results can be ascribed to indirect effects of DIN/DIP enrichment. Enrichment will lead to higher concentrations of particulate and dissolved organic matter in the water column, which may enhance coral growth (by providing additional food) in freefloating nurseries (Bongiorni et al. 2003a, b) and in coral reefs subjected to high water movement (Fabricius 2005) . On the other hand, increased turbidity will reduce the penetration of light, which may negatively affect corals growing at greater depths where light limits growth (Fabricius 2005 and references therein). In stagnant waters, high particle loads may inhibit coral growth due to increased sedimentation (Genin et al. 1995) . Eutrophication also indirectly affects coral growth by stimulating the growth of turf algae that compete for space with corals (Genin et al. 1995; Fabricius 2005) .
Most studies describing effects DIP on corals show that DIP negatively affects coral growth, in particular when supplied without a corresponding increase in DIN (Snidvongs and Kinzie 1994; Ferrier-Pagès et al. 2000) . The negative effect of elevated DIP may be caused by the formation of poisonous polyphosphate crystals (Simkiss 1964) . There is also a record of DIP limitation in zooxanthellate corals. Steven and Broadbent (1997) found increased growth of Acropora palifera after pulsed additions of phosphate, with or without concurrent enrichment in nitrate. A good overview of studies relating to effects of both DIN and DIP is presented by Fabricius (2005) .
In addition to DIN and DIP, iron and zinc have also been reported as agents that influence coral growth. Iron enrichment can have effects on the coral-zooxanthellae symbiosis that are comparable to DIN enrichment (Ferrier-Pagès et al. 2001) . The role of zinc in coral growth and metabolism has been clearly outlined in another paper by Ferrier-Pagès et al. (2005) . Zinc is an essential structural component of many enzymes, among which carbonic anhydrase (CA). CA is a ubiquitous enzyme in corals; it is involved in the uptake of dissolved inorganic carbon. As such, CA plays a key role in both photosynthesis and calcification and therefore, zinc limitation may limit overall coral growth. Conversely, high zinc concentrations may inhibit coral growth due to the formation of toxic free radicals, which have been reported to inhibit microalgae growth (Sunda 1991 . Ca 2+ and CO 3 2− are commonly referred to as Ω, the aragonite saturation state, which is the temperature-dependent solubility product of aragonite (Mucci 1983) . Aragonite is the chrystalline form of calcium carbonate produced by corals. Both Ca 2+ ions and CO 3 2− ions are actively concentrated in the calicoblastic fluid (this is a thin liquid layer between the skeleton and the calicoblastic cells, the cellular layer that secretes the organic matrix of the skeleton) to facilitate precipitation of calcium carbonate. Ca 2+ is actively transported across the calicoblastic membrane into the calicoblastic fluid by a Ca 2+ -dependent adenosine triphosphate (ATP)-ase, which exchanges Ca 2+ for H + ions (Al-Horani et al. 2003) . This is a process that consumes metabolic energy (ATP). The mechanisms by which HCO 3 − and/or CO 3 2− are transported across the calicoblastic membrane are hitherto unknown. However, by removing protons from the calicoblastic fluid, the pH of the calicoblastic fluid is increased, which shifts the equilibrium between HCO 3 − and CO 3 2− in favor of the latter: a pH of 9.28 and an Ω of 25 were measured inside the calicoblastic fluid of G. fascicularis (Al-Horani et al. 2003) , which is well above reference seawater levels (8.2 and 4, respectively). These measurements were done under simulated daylight conditions. The calicoblastic pH and Ω were not elevated when the corals were incubated in the dark, indicating that light stimulates calcification. Indeed, calcification is on average three times higher during the day than at night (light-enhanced calcification- Gattuso et al. 1999) . The mechanism by which light promotes calcification is most likely a combination of a higher availability of ATP and a higher internal pH inside the coral, which both result from photosynthetic activity of the zooxanthellae.
It is generally agreed that Ω is positively correlated with coral growth (Schneider and Erez 2006; Marubini et al. 2008 ) and reef growth (Anthony et al. 2008; Jokiel et al. 2008; De'ath et al. 2009 ). The concentrations of both ionic components of Ω have been reported to influence coral growth in a similar way (for effects of [Ca 2+ ], see Chalker 1981; Gattuso et al. 1998; Marshall and Clode 2002 ], see Marubini and Thake 1999; Marubini et al. 2001 Marubini et al. , 2008 Schneider and Erez 2006; Herfort et al. 2008 ] may vary due to short-and long-term changes in ocean pH Kleypas et al. 1999) , [Ca 2+ ] is rather stable in oceanic waters. Therefore, [Ca 2+ ] is not considered as a very relevant factor with respect to the effect of climate change on calcifying organisms. However, in an aquarium situation, where the ratio between water volume and coral volume is orders of magnitude lower than in nature, the concentration of Ca 2+ can diminish rapidly and should be adequately monitored and controlled.
Food
The heterotrophic feeding biology of zooxantellate corals has recently been reviewed by Houlbrèque and FerrierPagès (2009) . Here, we will briefly summarize some important observations on the effects of feeding on coral metabolism and growth.
One of the proposed benefits of feeding is that it supplies the coral holobiont with nitrogen (Dubinsky and Jokiel 1994) . In contrast to the effect of DIN addition, which stimulates zooxanthellae, but inhibits growth (see "Inorganic Nutrients" section), it was shown by Ferrier-Pagès et al. (2003) and Houlbrèque et al. (2003 Houlbrèque et al. ( , 2004 ) that feeding stimulated both zooxanthellae (numbers, pigmentation, and photosynthetic activity) and growth of S. pistillata. Organic food provides the coral holobiont with nitrogen, carbon, and phosphorous in an appropriate biological ratio. Hence, in contrast to enrichment with DIN and/or DIP, providing organic food is not expected to disturb the nutrient balance inside the coral.
Further evidence supporting this view was obtained for another branching coral species (Seriatopora caliendrum) during the CORALZOO project. Three genetically identical colonies of this species were grown for a period 7 weeks in a 500 dm 3 aquarium system under ambient feeding conditions (see "Genotype" section for a description of the aquarium; conditions were the same as described in "Genotype" section, except that the alkalinity and the calcium concentration were maintained at 2.0-2.5 mEq dm −3 and 440 mg Ca 2+ dm
, respectively). Specific growth rate was determined weekly (see "Growth Kinetics" section for calculation details) based upon the increase in buoyant mass (determined according to Schutter et al. 2008) . After the initial period of 7 weeks, the colonies were subjected to a high feeding regime. Five days per week, each colony was taken out of the main tank and was incubated for a period of 2 h in a 1,500 cm 3 aerated incubation chamber with an additional supplement of 20,000 Artemia nauplii. Conditions in the incubation chamber (light regime, mixing, temperature, and water quality) were the same as in the main tank. Specific growth rate was determined weekly until no further change in growth was observed (week 4). PI curves were determined for the colonies at the end of the initial period of 7 weeks and after the second period of 4 weeks. The methodology for measuring photosynthetic capacity was the same as described in "Light" section for G. fascicularis. We found that high feeding increased both the specific growth rate (Fig. 2a) and the photosynthetic capacity (Fig. 2b) in colonies of S. caliendrum. The beneficial effects of feeding on growth and photosynthesis appear not to be directly coupled. Food-stimulated photosynthesis is likely to occur only under high light. Both in our study on S. caliendrum and in the study by Houlbrèque et al. (2004) on S. pistillata, the stimulating effect of feeding on photosynthesis became apparent only above 200 μE m −2 s −1 .
In another study that was performed during the CORALZOO project, we found increased growth of Pocillopora damicornis as a result of additional feeding, without a concurrent increase in photosynthetic activity (Fig. 3) . For this experiment, series of nubbins of P. damicornis were prepared and cultured as described in Lavorano et al. (2008) . Two feeding regimes were tested: low, ambient feeding (through the regular supply of fresh natural seawater to the system) versus high feeding, where ambient food was supplemented with a daily batch of freshly hatched nauplii of Artemia (starting concentration: 2,000 nauplii dm −3 ) and Tetraselmis suecica cells (starting concentration 30,000 cells dm −3 ). A photon flux density of 200 μE m −2 s −1 was applied. To substantiate differences in growth, the buoyant mass of the colonies was measured (cf. Schutter et al. 2008 ) after an incubation period of 110 days. The methodology for measuring photosynthetic capacity was the same as described in the "Light" section for G. fascicularis. In this experiment, the observed differences in growth could not be attributed to food-induced differences in photosynthetic activity. Either, feeding stimulated the utilization of photosynthetic products by the corals (a food-light interaction leading to a more efficient use of the photosynthetically produced resources), or the effect of feeding was just additive to growth on photosynthetically acquired resources. The possible interrelationships between feeding and photosynthesis will be further discussed in the section on interactions.
An aspect of heterotrophic feeding that has often been overlooked is the direct uptake of nonliving dissolved organic carbon (DOC) by corals. Sorokin (1973) measured uptake rates of DOC by six common reef-building corals by adding radiolabelled DOC to coral colonies in closed incubation chambers. He found that daily DOC uptake among the six species studied ranged from 13.3% to 29% of the total amount of carbon present in the coral tissue. Hence, DOC uptake may represent a significant proportion of total food uptake and should not be neglected when estimating a coral's carbon budget. In addition, supply of DOC to corals in culture may be a useful alternative to the commonly used live planktonic or particulate feeds.
Water Movement (Flow)
Water movement (flow) can affect coral growth in different ways. Since corals cannot actively generate water movement, they are dependent on ambient flow for the supply of basic requirements such as oxygen and inorganic carbon (Dennison and Barnes 1988; Lesser et al. 1994) , inorganic nutrients (Stambler et al. 1991; Atkinson and Bilger 1992; Thomas and Atkinson 1997) and food (Sebens and Johnson 1991; Sebens et al. 1998 ). Flow-dependent mass transfer of oxygen may explain why Rinkevich and Loya (1984) found aeration-enhanced dark calcification. Second, flow controls 2 a Specific growth rates of colonies of S. caliendrum cultured at ambient aquarium feeding and high feeding (ambient aquarium feeding+20.000 Artemia nauplii per colony per day); n=3 for both treatments. b Photosynthesis-irradiance curves for ambient fed colonies (solid line) and highly fed colonies (dotted line). The differences between ambient and high feeding are significant at 100, 200, and 400 μE m −2 s −1 (paired t test, n=3, p<0.05) the efflux rate of potentially toxic metabolic products such as oxygen and oxygen radicals Finelli et al. 2006 ). Third, flow may indirectly promote coral growth by removing sediment and by preventing settlement of fouling organisms such as algae (Fabricius 2005; Box and Mumby 2007) . High flow rates may inhibit coral growth. Sebens et al. (1997) observed that polyps of Madracis mirabilis located at the upstream side of the colony started to deform (flattening) at flow rates above 20 cm s −1 , which reduced their prey capture efficiency.
Flow-induced deformation of polyps may also explain why Atkinson et al. (1994) did not find profound effects of water flow velocity on nutrient uptake and respiration in flume experiments with Porites compressa: they compared relatively low flow rates (∼5 cm s −1 ) with rates exceeding 25 cm s −1 , at which polyp deformation may have reduced the mass transfer of dissolved gasses and inorganic nutrients. Experimental data demonstrate that different corals show various responses to changes in flow. Both increased growth (Jokiel 1978; Montebon and Yap 1997; Schutter et al. 2010; 2011) and decreased growth (Kuffner 2001 ) have been reported in relation to increases in flow.
Genotype
Apart from external factors influencing coral growth, there are also genetic factors that strongly affect the specific growth rate of a genetic individual. Each genet of a particular species has its own specific set of genes and will thus respond differently to different combinations of environmental conditions. Whereas some genotypes will invest more in growth, others may be better in resisting overgrowth and diseases. Here, we present an experimental example obtained during the CORALZOO project, which shows how genotypic variability affects coral growth. Groups of 10 clones originating from 10 genetically different individuals of S. pistillata were grown for 1.5 years under nearly identical conditions in a single 500 dm 3 aquarium system equipped with a protein skimmer. Parent colonies were obtained from the Gulf of Eilat (Israel), their genetic independence was confirmed by AFLP analysis following Amar et al. (2008) . Ten series of ten nubbins were prepared from these parent colonies according to Shafir et al. (2006) , which were shipped to The Netherlands after a short period of recovery. The conditions in the aquarium were as follows: a temperature of 26±1°C, a salinity of 35‰, daily feeding with 50-100 Artemia nauplii per liter; a photon flux density of 200 μE m −2 s −1
(supplied under a 12:12 h light/dark cycle), a moderate flow velocity of 5-10 cm s −1 , a calcium concentration of 375-450 mg Ca 2+ dm −3 and an alkalinity ranging from 2.0 to 3.5 mEq dm −3 . After being in culture for 1.5 years, the ecological volume of each colony was determined according to Rinkevich and Loya (1983) . Two out of ten genotypes did not survive in the aquarium. The remaining eight genotypes showed remarkable differences in growth (Fig. 4) . This example clearly demonstrates that studies aiming to provide general information on the growth of a species should take into account genetic heterogeneity and present averages obtained from different genotypes. Working with clones obtained from a single genotype only provides information on that particular genotype and cannot be extrapolated to the species level. On the other hand, general physiological mechanisms are best studied using coral fragments that are genetically identical. It remains to be determined to what extent genetic differences in zooxanthellae populations can account for the observed genetic variability.
Interactions
Interactions between factors influencing coral growth can be defined as the extent to which one factor increases or decreases the effect of another factor. Many factors described in "Factors Influencing Coral Growth" section interact; only the most important interactions will be highlighted here.
Light will interact with water flow because water flow determines both the rate of supply of DIC and inorganic nutrients needed for photosynthesis and the efflux rate of oxygen and oxygen radicals that may inhibit photosynthesis (Finelli et al. 2006; Mass et al. 2010) . Indeed, a significant interaction between light and flow was found to affect the growth of G. fascicularis. A combination of high light and Genotype number Ecological volume (ml) Fig. 4 Biological volumes of eight genotypes of S. pistillata after being in culture for 1.5 years. Error bars represent standard deviations (n=variable, depending on the number of clones that survived). These results are part of a larger study on genotypic variability, which will be described elsewhere flow had a stronger positive effect on growth than the individual factors. Hence, a positive correlation between irradiance and growth will be stronger under high-flow conditions (Schutter et al. 2011) .
Light also interacts with the concentration of bicarbonate (HCO 3 − ) in seawater. The positive effect of irradiance on growth is enhanced by adding HCO 3 − (Marubini et al. 2001 ), which suggests that DIC is limiting coral growth. This is explained by the fact that two of the major physiological processes in corals, calcification and photosynthesis, compete for the same substrate (DIC). Such internal competition for DIC was also suggested by Marubini and Davies (1996) to explain the negative effects of DIN addition on calcification: enhanced photosynthesis resulting from DIN enrichment increases the photosynthetic demand for DIC at the expense of calcification. Marubini and Thake (1999) demonstrated that the inhibiting effects of DIN could indeed be stopped by doubling the concentration of HCO 3 − in the seawater.
Conversely, it has been suggested also that calcification supports photosynthesis by converting HCO 3 − into membrane-permeable CO 2 (the substrate for the photosynthetic key enzyme RuBisco), thus reducing the need for carbonic anhydrase-based carbon concentrating mechanisms (Furla et al. 2005) to supply DIC to the zooxanthellae. This so-called "trans-calcification model" (McConnaughey and Whelan 1997) provides an elegant evolutionary explanation for the massive formation of external skeletons by scleractinian corals. Marshall and Clode (2002) presented data that support this view. These authors used enrichment with Ca 2+ (the other component of Ω), which stimulated both calcification and the incorporation of photosynthetically acquired carbon into coral tissue. Increasing [Ca 2+ ] may lower the amount of metabolic energy required for transport of [Ca 2+ ] into the calicoblastic layer and may in this way compensate for the increased metabolic effort to acquire CO 3 2− for calcification. However, the transcalcification model appears to be in contradiction with the suggested internal competition for DIC. Moreover, it is based upon the questionable assumption that HCO 3 − freely diffuses into the central cavity of the coral (see review by Allemand et al. 2004 ). An interesting addition to this discussion is the potential role of heterotrophic feeding in the internal dynamics of DIC, N, P, and pH. The reason that feeding gives a similar response of zooxanthellae to enrichment with inorganic nutrients, but without a concurrent decrease in coral growth may be found in the fact that respiration of organic food will simultaneously yield DIN, DIP, and DIC in a biologically appropriate ratio. However, since the DIC provided by food digestion is in the form of CO 2 , excessive feeding may decrease the pH inside a coral, thus slowing down calcification. Since this effect will be stronger in the absence of light (in the light, the CO 2 produced by respiration will be quickly assimilated by the zooxanthellae), it appears logical to feed aquarium corals during daytime. Indeed, Lavorano et al. (2008) found that daytime feeding of P. damicornis had a stronger positive effect on growth than nocturnal feeding.
Autotrophy versus Heterotrophy: Interactions between Light and Feeding
As reviewed by Houlbrèque and Ferrier-Pagès (2009) , there is an ongoing debate on the roles of autotrophy and heterotrophy in zooxanthellate corals. The prevailing views, however, are that heterotrophy provides an alternative for autotrophy (additive effect) and that the balance between autotrophy and heterotrophy is dependent on light conditions. The shifting roles of autotrophy and heterotrophy as described by Anthony and Fabricius (2000) for corals facing increased turbidity and by Grottoli et al. (2006) for bleached corals support this view.
It is very likely that apart from providing an additional source of carbon, nitrogen, and phosphorous for both host and symbionts, heterotrophy also supplies several essential components (building blocks) for the biosynthesis of the coral host that it can hardly or not obtain from translocated photosynthetic products. Such a dependency on heterotrophy for specific components implies that the rate of heterotrophic feeding can actually directly limit coral growth. There are three facts that support this view:
1. There are, to the best of our knowledge, no records of 100% autotrophy in scleractinian corals. 2. Supplementing the water with nutrients stimulates photosynthesis and symbiont density, but does not augment coral growth (Marubini and Davies 1996) , even when bicarbonate is added to prevent internal DIC-limitation (Marubini and Thake 1999) . 3. The organic component of reef coral biomass is to a large extent of heterotrophic origin (Muscatine and Kaplan 1994; Grottoli 2000) . Some components, in particular in the organic matrix of the coral skeleton, appear to be almost exclusively of nonphototrophic origin (e.g., Allemand et al. 1998 ).
These observations indicate that the observed beneficial effects of feeding on coral growth (Anthony and Fabricius 2000; Bongiorni et al. 2003a, b; Ferrier-Pagès et al. 2003; Houlbrèque et al. 2003 Houlbrèque et al. , 2004 Lavorano et al. 2008 ) may include both additive and interactive effects. Feeding does not only provide alternative sources of carbon, nitrogen, and phosphorous, it may also provide some essential organic components that cannot sufficiently be obtained through photosynthesis. As such, feeding may augment the efficiency by which phototrophically acquired resources are used, leading to a reduced loss by excretion and mucus production (a lower release of "junk food").
There are two studies that support this view. Houlbrèque et al. (2004) found an increased calcification coinciding with an increased deposition of aspartate when comparing fed colonies of S. pistillata to starved colonies and proposed that feeding-induced organic matrix synthesis is determining calcification rates. A second study was done recently by members of our team. The interactive effects of irradiance and food availability on the growth of the branching coral P. damicornis were tested. Nubbins of this species were prepared and cultured as described in Lavorano et al. (2008) . Two photon flux densities (100 and 300 μE m −2 s −1 ) were tested against two feeding regimes: low, ambient feeding (through the regular supply of fresh natural seawater to the system) versus high feeding, where ambient food was supplemented with a daily batch of freshly hatched nauplii of Artemia (starting concentration: 2,000 nauplii dm 3 ). The buoyant mass of the nubbins was determined after a period of 145 days. High feeding stimulated growth at the highest PFD, while no effect of adding food was observed at 100 μE m −2 s −1 (Fig. 5) ,
indicating an interaction between light and feeding. Contrasting with these results, however, is the study by Ferrier-Pagès et al. (2003), who found no interaction between light and feeding on the growth of S. pistillata. Their data suggested that the effect of feeding was additive to the effect of light. Ferrier-Pagès et al. (2003) gave no details about the ambient flow velocity in their experimental aquaria, except for the general remark that water motion was generated by an air stone. Hence, it cannot be excluded that flow-related limitations have occurred under the high light conditions applied in this study, which can mask potential interactive effects between light and feeding.
In general, the uptake of organic food appears to be the most balanced way for a coral to supply itself with a number of resources, including DIN, DIP, and DIC for photosynthesis and calcification and essential organic building blocks that cannot be provided by photosynthesis. If food supply is in good balance with light supply and flow velocity, the beneficial effect of feeding on coral growth is likely to be more than just additional to the effect of light.
Synopsis: What Determines Coral Growth?
Obviously, there is not one single factor that limits the growth of zooxanthellate Scleractinia. Multiple, interacting factors influence coral growth, which may all become limiting/inhibiting within their naturally occurring ranges. Furthermore, there is variation among species and within species with respect to growth limitation: genotypic variability is large, different genotypes may have developed different strategies to survive in a fluctuating environment. For example, under a given combination of environmental conditions, light availability may limit the growth of a specific coral individual, but under the same set of environmental conditions, another factor may be limiting the growth of another individual, even when these individuals are conspecifics. This explains why many aquarists report conflicting results when growing individuals of the same species. It also shows that optimization of coral culture is a tedious process, in which many factors should be taken into account. Therefore, large, multifactorial growth experiments are desired, not only to maximize the productivity for coral aquaculture, but also to further unravel the interactions between potentially limiting and inhibiting factors. Information on interactions may shed new light on the mechanisms that determine coral growth rates.
Despite this complexity, we have attempted to deduce some general mechanisms that may help to explain the phenomena that we observe both in nature and in culture and that may provide guidance for future research. The following working mechanism is proposed for corals growing under natural oceanic conditions in nonstagnant water:
Under a broad range of photon flux densities, the coralzooxanthellae holobiont is capable to adjust its photosynthetic apparatus in such a way that photosynthesis is always optimal for coral growth (photoacclimation). Below the specific saturation irradiance (I k s), photoacclimation can no longer compensate for the lower photon flux. Under these circumstances, light availability can limit coral growth due to a reduced input of translocated photosynthetates. Increased heterotrophy can partially compensate for this reduced photosynthetic input. Above I k s, light is not limiting: the zooxanthellae may become nutrient limited and the coral host is limited by another factor (e.g., essential food components or DIC). Taking away these limitations will result in a higher growth rate, partially caused by a more efficient use of translocated photosynthetates. Crucial in this respect is the role of water movement: when water flow is low or absent, mass transfer of DIC or food may become limiting for coral growth, even below I k s. In addition, I k s itself may decrease due to DIC limitation of the zooxanthellae. Furthermore, insufficient water movement will cause inhibition of coral growth under higher irradiance levels, because an increasing proportion of the photosynthetically acquired carbon will then be used for stress responses (i.e., mechanisms to cope with negative effects of accumulated oxygen, oxygen derivatives, and metabolic wastes) instead of growth.
Growth Kinetics
Most studies concerning growth of corals deal with growth rates (see review by Dullo 2005) , factors influencing growth (see references in earlier sections) and morphogenesis (Kaandorp and Kuebler 2001; Kruszynski et al. 2007; Shaish et al. 2006 ). Only few researchers analyzed the kinetics of coral growth. An elegant and extensive study on the growth of five Caribbean coral species was done by Bak (1976) , who reported that the growth of all species studied developed in an exponential way. However, the specific exponential growth rate (i.e., the percentage increase in body mass per unit of time) decreased with increasing colony size. It is important to realize that a growing proportion of the scleractinian coral body mass-the skeleton-is not actively participating to the growth process. Therefore, Bak (1976) related growth to the living surface area (to be precise: to the area covered by the calicoblastic epithelium) and found, by comparing growth rates of small and large colonies, that the rate of calcification per surface area remained unchanged over a long period of time. Sipkema et al. (2006) presented four hypothetical growth models for sponges, which appear suitable to be applied to corals as well:
1. Linear growth (zero order kinetics), described by:
in which X t is the size of the coral after time t, X 0 is the size of the coral at t=0 and k is the linear growth rate constant (e.g., in mm day −1 ).
2. Exponential growth (first order kinetics) described by:
in which μ is the specific growth rate constant (e.g., day −1 ). In this model, the percentage of new biomass formed per day is constant, leading to a J-shaped curve when total body mass is plotted against time. 3. Surface-dependent growth (globose organisms) 4. Circumference-dependent growth (encrusting organisms).
By combining the empirical studies on corals by Bak (1976) with the hypothetical growth models for sponges described by Sipkema et al. (2006) , we deduced the following basic principles to describe coral growth kinetics:
Branching corals (such as M. mirabilis in the study by Bak 1976) proliferate by continuously forming new branches that all have a similar size and shape. Therefore, these corals have a relatively constant surface to volume ratio. Their growth will be appropriately described by first order kinetics (Eq. 2), until their size has reached a point where other factors such as gravity-induced forces start to inhibit further growth. A study done in our lab on two genetically identical colonies of the branching species S. caliendrum grown under stable, controlled aquarium conditions (see "Food" and "Genotype" sections for experimental details), showed that the specific growth rate of this species remained constant throughout the monitored period (Fig. 6) , thus supporting the view that branching species follow first order growth kinetics. Mass parameters such as wet mass, buoyant mass, and dry mass are suitable to monitor growth of these coral species, because they linearly correlate with other commonly used biomass estimators such as surface area, volume, or ecological volume (Rinkevich and Loya 1983) .
Boulder-shaped corals and plate-shaped corals follow different growth kinetics. Boulder-shaped corals continuously secrete new layers of calcium carbonate upon their old skeleton, thus continuously increasing the proportion of skeletal mass to total body mass. The living tissue of these corals may either grow with a continuous rate or with a rate that slowly decreases (e.g., Montastrea annularis-Bak 1976). In case of continuous tissue growth, total coral growth can best be described by using a surface dependent growth rate constant (Eq. 3 in the paper by Sipkema et al. 2006 , or similar derivatives for conically shaped objects, etc.). Growth of these corals is best determined by using surface area as an estimator for biomass. Plate-shaped corals are most likely to follow circumference-dependent growth kinetics (Eq. 4 in the paper by Sipkema et al. 2006 , or derivatives thereof). Hence, growth of these corals is best determined by measuring surface area or linear extension rates. It should be noted that these basic principles only represent a broad generalization. More sophisticated modeling approaches are needed for an exact description of species specific coral growth kinetics. For example, Crabbe (2007) reported that a 3:3 rational polynomial model described the growth of a branching species (Acropora palmata) more accurately than the simple first-order kinetics model represented by Eq. 2. Notwithstanding this, the basic principles outlined above provide a suitable tool to design coral aquaculture systems, as will be discussed in the next section.
The Economics of Coral Growth
It has been estimated that economic activities related to corals and coral reefs represent an annual turnover of 375 billion dollars worldwide (Wilkinson 1996; Bryant et al. 1998 ). The aquarium trade represents a growing proportion of this economic value: the trade in aquarium corals only had an estimated market size of approximately 60 million US$ per year in the period between 1997 and 2001 (Wabnitz et al. 2003) , which justifies research efforts focused on optimization of coral aquaculture.
In this section, we present a case study on commercial coral breeding. Daily costs for building and maintenance of coral culture systems (Table 1) were calculated per square meter culture system surface. Calculations are based upon figures from a coral farm in a public aquarium (NAUSICAA, France), where several coral species are being bred for use in public aquaria. The figures presented here concern the branching species S. caliendrum, one of the species that is in culture at the NAUSICAA aquarium.
For the commercial aquarium trade, a colony of S. caliendrum should have the size of a fist, which corresponds to a wet mass of approximately 100 g. A 1-m 2 aquarium system can host up to 100 colonies of this size.
We calculated the production costs for 100 g colonies, using fragments that have an initial mass of 10 g as a starting point. Production costs were calculated for two real-life feeding scenario's that had been applied to this coral species (see "Food" section for experimental details). Annual production of S. caliendrum biomass (in kg wet mass) and the corresponding production costs were calculated for both feeding scenarios. The growth of S. calien- drum was assumed to be exponential, following first order kinetics (see "Growth Kinetics" section; Eq. 2, Fig. 6 ). In Fig. 2a , it is shown that as a result of additional feeding with Artemia nauplii, the specific growth rate (μ) for S. caliendrum increased from 0.0084 to 0.0115 day −1 (i.e., a 35% increase). Both rates were used to calculate the production period, i.e., the time (t) needed for a fragment to grow from a size of 10 g (X 0 ) to a size of 100 g (X t ):
The price per colony of 100 g was calculated as follows:
It was hereby taken into account that for continuation of the culture, 10% of the harvest is needed a broodstock for the next culture.
Also, the annual production was calculated:
Colonies year À1 ¼ production period days ð Þ Â 365 days year Since stony corals are a potential resource of natural products with pharmacological properties (e.g., Alam et al. 2001) , cultured corals may also be needed as biological materials for drug development studies. For this purpose, the size of the coral individuals harvested is not important. In this particular case, the best strategy for production is to continuously maintain the maximal sustained standing stock (in the example: 100 colonies of 100 g wet weight), and to harvest every day the excess growth (in the example: 0.84% and 1.15% day −1 ). Productivity for S.
caliendrum was also calculated for this culture approach, hereby again comparing the low-feeding scenario to the high-feeding scenario.
The results of the calculations are summarized in Tables 2 and 3 . This case study shows that optimization can be rewarding; as a result of optimized feeding, productivity increased with 35% while production costs increased with only 15%. The results also show that continuous harvesting reduces the production costs per kilogram coral considerably. The production costs for 100 g colonies of S. caliendrum under the two feeding scenarios (€25.40 and €30.20) are close to the average wholesale value of similarly sized aquarium corals in The Netherlands, which was €27 in the year 2010 (De Jong MarineLife, personal communication). The retail prizes for these coral colonies range between €40 and €150, depending on species and outer appearance (shape and coloration).
A practical consideration with respect to designing a coral culture in a closed aquarium setting is that semicontinuous production (for example: by renewing every week 2% of the culture) is advantageous over batch production. When operating in a semicontinuous production mode, there will be a constant standing stock inside the culture tank. This will make maintenance easier: feeding regimes and supply of calcium and carbonate do not have to be adjusted continuously to an increasing consumption by a growing standing stock.
Conclusions
Due to the adaptive flexibility of corals, their genotypic heterogeneity and the numerous factors that can potentially limit or inhibit coral growth, it is hard to give a clear-cut answer to the question "What determines coral growth?" The proposed working mechanism described in "Synopsis: What determines Coral Growth?" section of this paper implies that optimizing coral culture requires a close, genotype-specific fine-tuning between light supply, food supply, water movement, and DIC concentration. Hence, optimization can be achieved through large-scale multivariate interaction studies targeting individual species. Each species and each genotype will require a different combination of values to maximize its growth rate. Therefore, efficient high-density coral culture is best achieved by having the individual species and genotypes in separate culture systems. At present, the production costs for aquarium-cultured corals approximately equal their wholesales values. Further optimization along the lines pointed out above will make commercial culture of corals economically feasible in the near future.
